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Antibodies are useful for the treatment of a variety of diseases. We here demonstrate that mouse 
muscle produced monoclonal antibodies (mAb) after a single injection of immunoglobulin genes 
as plasmid DNA. In vivo electroporation of muscle greatly enhanced antibody production. For 
chimeric antibodies, levels of 50-200 ng mAb/ml serum were obtained but levels declined after 
7-14 days due to an immune response against the xenogeneic parts of the antibody. By contrast, 
fully mouse antibodies persisted in serum for at least 7 months. mAb produced by the muscle had 
correct structure, specificity, and biological effector functions. The findings were extended to a 
larger animal, the sheep, in which mAb serum levels of 30-50 ng/ml were obtained. Sustained 
levels of serum mAb, induced by single injection of Ig genes and electroporation of muscle cells, 
may offer significant advantages in the treatment of human diseases. 

Key Words: antibody therapy, electroporation, nonviral DNA delivery 



Introduction 

Injection of DNA that encodes foreign protein induces an 
immune response and represents an attractive strategy for 
active vaccination (for review see [1]). However, if the 
injected DNA encodes a self protein, the immune system 
should not respond and the self protein might persist in 
the body for long periods of time [2], We have here 
addressed if injection of self immunoglobulin genes can 
be used for prolonged expression of therapeutic mono- 
clonal antibodies (mAb) in an individual 

Monoclonal antibodies are increasingly being used in 
treatment of cancer, e.g., anti-CD20 mAb for B lympho- 
mas [3] and anti-Her2 mAb for breast cancer [4]. mAbs are 
also injected to neutralize tumor necrosis factor a (TNFa) 
in autoimmune diseases like rheumatoid arthritis and 
Crohn disease [5]. Moreover, mAbs against CD3 and other 
T cell markers are useful to reverse rejection of transplants 
[6]. Finally, mAbs may be used to protect against infec- 
tious diseases in immunocompromised individuals, like 
RSV-infected premature infants [7]. mAbs exert their 
functions by a variety of mechanisms such as induction 
of apoptosis, activation of complement, opsonization of 
target cells for phagocytosis, and neutralization of viruses 
or inflammatory cytokines. 



Although mAbs are increasingly being used in the 
clinic, such treatments have several shortcomings. As 
proteins with a limited life span, mAbs need to be 
injected repeatedly. Moreover, large-scale production 
of mAbs in vitro is technically difficult and expensive 
and carries a risk of infection. In addition, use of 
animal cell lines for production may introduce non- 
human posttranslational modifications in the mAbs 
[8]. 

Efforts have been made to overcome these problems 
by injecting animals with cells that have previously been 
transfected in vitro with immunoglobulin (Ig) genes. 
Thus, transfected myogenic cells [9], skin fibroblasts 
[10], or keratinocytes [11] have been used to obtain 
prolonged expression of mAbs. This strategy has the 
disadvantage that cells have to be grown ex vivo, trans- 
fected, and introduced into the individual, which is a 
lengthy, costly procedure with a risk of contamination. 
Recently, recombinant adeno-associated virus [12] and 
adenovirus [13] vectors were used to deliver the genes 
encoding a human anti-HIV mAb [12] or an anti-human 
thyroglobulin mAb [13] to mouse muscle cells in vivo. 
Serum levels in the ng/ml range were obtained and mAbs 
persisted in the serum for months. Although these results 
are very encouraging, the use of virus as a vehicle may 
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cause adverse side effects such as induction of an antiviral 
immune response [13,14], integration of viral DNA in 
chromosomal DNA [15] even in germ cells [16], and 
possible induction of cancer [17]. In addition, it is still 
difficult and expensive to produce large amounts of virus 
vector for clinical use. Plasmids are considered to be safer 
than viral vectors; however, it is difficult to rule out that 
plasmids might randomly insert into the genome with 
possible deleterious effects such as cancer development. 

Bearing the aforementioned concerns in mind, we 
sought to develop a simple way of obtaining sustained 
high-level production of mAb by muscle cells after injec- 
tion of Ig genes as naked plasmids in vivo. We and others 
have previously shown that electroporation enhances the 
gene transfection efficiency of mouse and rat muscle 
more than 100-fold without detrimental side effects 
[18-20]. Electroporation is the application of low- voltage 
pulses to muscle to destabilize the cell membrane and 
thereby allow macromolecules such as plasmids to enter 
the cells more efficiently. Here, we have injected naked 
plasmid DNA encoding heavy (H) and light (L) chains of 
mAb into skeletal muscles of mice and sheep, followed 
immediately by in vivo electroporation of muscle cells. 
The results, demonstrate that sustained expression of high 
serum levels of functional mAbs is obtained by this 
approach in both small and larger animals. 

Results 

In Vivo Electroporation Enhances Monoclonal 
Antibody Production after Intramuscular Injection 
of Ig Genes Residing on a Single or on Two 
Separate Plasmids 

We first tested if electroporation could enhance expres- 
sion of H- and L-chain Ig genes injected intramuscularly 
as naked DNA plasmids into the quadriceps muscles of 
C57B1/6 mice. The Ig genes were under the control of a 
cytomegalovirus (CMV) promoter and encoded a chime- 
ric mouse -human IgG3 with specificity for a mouse 
major histocompatibility complex (MHC) class II mole- 
cule, I-E d . Co-injection of separate plasmids for H- and L- 
chain genes, as well as injection of a single "combi" 
plasmid containing both genes (Table 1), induced only 
low amounts of serum mAb not significantly higher 
than in control mice treated with electroporation but 
no DNA (Fig. 1A). However, levels of serum mAb in- 
creased considerably (Fig. 1A) when injection of plasmid 
DNA was followed by in vivo electroporation consisting 
of low-voltage, high-frequency electrical pulses applied 
by caliper electrodes to the muscle through the skin 
above the injection site. Thus, electroporation greatly 
enhanced production of mAbs from Ig genes injected as 
naked DNA plasmids. Moreover, as injection of two 
plasmids gave results similar to those of the combi 
plasmid, Ig H- and L- chain genes did not need to be 
joined. 



Table 1: Recombinant mAb and DNA plasmids that encode 
them 



Specificity 
mAb a 


Donor V 


C regions' 


Name of 


Ref. 


regions 6 (B cell 
hybridoma) 




plasmid 


plasmids 


l-E d 


14-4-4S 
(Ref. [33]) 


hO/3 


pLNOH2 73V H S d ' e 


[31] 






hCK 


pLNOK V l S 


[31] 






hO/3 


pLNOH2 73V„T 


[30] 


lgD a 


lg(5a)7.2 


hCK 


pLNOK V l T 


[30] 




(Ref. [34]) 


m-y2b 


pLNOH2 72bV H T 


Footnote* 






hCK 


pLNOK vj 


[30] 


NIP 


Bl-8 


nvy2b 


pLNOH2 72bV H NIP [29] 




(Ref. [35]) 












m\ 


\1 


Celltech 



Limited 



*I-E is a mouse MHC class II molecule, l-£ d is the allotype encoded by the H-2 d haplotype. 
IgD is an Ig isotype used as B cell receptor for antigen on B cell. lgD a is a particular allotype 
of IgD encoded by the IgH" haplotype. NIP is the hapten 4-hydroxy-3iodo-5-nitrophenyl- 
acetic acid. 

b All V regions are of mouse origin. 

e "m" denotes mouse, "h" denotes human. 

d In this particular plasmid, the H chain had a 91 -1 01 \2 315 T cell epitope introduced into its 
C region. This epitope does not influence secretion and folding if the mAb [31]. 
' For l-E d -specific mAb, a single "combi" vector that contains both the H and the L chain 
genes [31] was also used. 

'The pLNOH2*y2bV H T vector was constructed by replacing the h-y3 constant region gene of 
pLNOH273V H T with m 7 2b [29,30] (unpublished). 



Monoclonal Antibodies Produced by Injection of Ig 
Genes and Electroporation Have the Expected 
Specificity and Are Absorbed by Their Targets in Vivo 
It was important to demonstrate that mAbs produced by 
plasmid injection and electroporation had the expected 
antigen binding specificity for their targets in vivo. To this 
end, we took advantage of the specificity of the mAb for I- 
E d ; this is a MHC class II allotype that is not expressed by 
C57B1/6 mice but is expressed by certain other strains like 
BALB/c. Accordingly, mAb produced in BALB/c mice, but 
not in C57B1/6 mice, should be rapidly absorbed by the I- 
E d -positive tissue. Indeed, following DNA injection of the 
combi H+L plasmid and electroporation, we detected the 
mAb easily in C57B1/6 sera but not in BALB/c sera (Fig. 

IB) . An alternative explanation for this finding could be 
that BALB/c mice, due to their different genetic make-up 
compared to C57B1/6 mice, did not respond to the DNA 
injection/electroporation procedure. Excluding this pos- 
sibility, BALB.B mice, which are very similar to BALB/c 
but lack I-E d , had easily detectable mAb in their sera (Fig. 

IC) . Likewise, in B10.D2 mice, which are very similar to 
C57B1/6 but express I-E d , we could detect no mAb in 
serum (Fig. 1C). 

We repeated the experiments with another chimeric 
IgG3 mAb with human constant regions but with 
mouse V regions specific for an allotype of mouse IgD, 
namely IgD a . In this case we injected two separate 
plasmids, encoding the H and L chains respectively 
(Table 1). As can be seen from Fig. ID, co-injection of 
plasmids resulted in detection of human IgG3 in sera of 
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FIC. 1. Production of mAbs by intramuscular injection 
of Ig gene-containing plasmids, followed by in vivo 
electroporation. (A) A chimeric lgC3K mAb with 
mouse V regions and human constant regions may 
be produced by either two separate plasmids 
(pLNOH273V„S and pLNOkV l S) or a "combi" plas- 
mid containing both H and L chain genes. The 
chimeric mAb has specificity for the mouse MHC 
class II allotype l-E d (Table 1). Combi plasmids or 
equal amounts of H+L plasmids were injected im into 
the two quadriceps muscles (50 ng/muscle) of 
anesthetized C57BI/6 mice followed (+EP) or not 
followed (-EP) by in vivo electroporation consisting of 
low-voltage, high-frequency electric pulses applied to 
the skin above the injection site. Human lgC3 in 
serum was measured by ELISA on day 6. (B) Combi 
plasmid of (A) was injected into l-E d -negative C57BI/6 
and l-E d -positive BALB/c mice, followed (+EP) or not 
followed (-EP) by electroporation. Serum levels of 
human lgC3 are shown. (C) Injection/electroporation 
of combi plasmid into paired strains of mice that have 
the same genetic background but which differ in the 
absence or presence of l-E class II molecules [BALB.B 
(lacks l-E) vs BALB/c (l-E d ) and C57BI/6 (lacks l-E) vs 
B10.D2 (l-E d )]. (D) Co-injection of two separate 
plasmids (pLNOH2y3V h T and pLNOkVJ) encoding 
a chimeric IgD'-specific lgC3K mAb with mouse V 
regions and human constant regions, followed by 
electroporation. BALB/c mice express the lgD a while 
the close-to-identical congenic C.B-17 mice do not 
express lgD a but rather lgD b . Each group in (A-D) 
consisted of three to seven mice and the bars 
represent the standard errors of mean. 



Anti-I-E d 



-•- C57BL + EP 
—A- BALB/c + EP 
-O- C57BL - EP 
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-OB10.D2, 
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-O- BALB/C, l-E* 1 
BALB.B 




400 



Anti-IgD* 



BALB/c, lgD a 
C.B-17, lgD b 
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Time (days) 
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Time (days) 



C.B-17 mice ; which lack IgD a but express IgD b . By 
contrast, in BALB/c mice, which express IgD a but are 
close to identical to C.B-17, we detected no serum mAb. 
Serum levels of anti-IgD a mAb reached about 300 ng/ml, 
which was considerably higher than that observed for 
the anti-I-E d mAb. 

Importantly, neither IgD nor MHC class II molecules, 
like I-E d , are expressed on muscle cells, but rather by B 
cells, dendritic cells, and macrophages found predomi- 
nantly in lymphoid organs. As the binding of mAb to 
antigen depends on the correct association of H and L 
chains, the results of Fig. 1 suggest that muscle cells 
secrete mAbs with correct specificity and that the mAbs 
reach distant tissues where they are absorbed. To investi- 
gate directly the structure of the mAb, we pooled sera 
from C.B-17 mice of Fig. ID, subjected it to gel electro- 
phoresis under reducing and nonreducing conditions, 
and probed the blots with antibodies against human 
IgG3 and human Ck. The results show that serum mAb 
encoded by the plasmid consisted of disulfide-bound 
(H+L) 2 and was of a size and structure similar to those of 
normal IgG (Fig. 2). 

Xenogeneic Parts of Chimeric Human-Mouse mAb 
Induce Antibody Responses 

The abrupt decline in I-E d -specific serum mAb seen in 
C57B1/6 mice between days 7 and 14 (Figs. IB and 1C) 



could be caused by an immune response against the 
xenogeneic parts of the mAb, namely human Cy3 and 
human Ck (Table 1). Indeed, the decline of anti-I-E d mAb 
was matched by the presence of mouse anti-human IgG3 
antibodies of both IgGl and IgG2a subclasses, with high 
serum titers being detected day 28 after injection (Fig. 3). 
We also observed an antixenogeneic antibody response 
in mice that had low serum levels of the muscle-produced 
chimeric mAb due to absorption (Figs. 1 and 3). For 
unknown reasons, C.B-17 mice produced fewer anti-hu- 
man IgG3 antibodies in response to muscle-produced 
anti-IgD a chimeric mAb, and the IgG2a subclass was 
conspicuously lacking. 

Sustained Expression of Syngeneic mAb 
We next tested if mAb expression could be sustained if 
the xenogeneic parts of the mAb were reduced or abol- 
ished. First, we co-injected two separate H- and L-chain 
gene plasmids that together encode an IgG2b mouse 
antibody with human C K ; this mAb has specificity for 
the mouse IgD a allotype (Table 1). Confirming the results 
of Fig. 1A, C.B-17 mice injected with plasmids did not 
produce significant amounts of the mAb unless the 
injection site was also subjected to electroporation (Fig. 
4A). Serum mAb reached levels as high as 750 ng/ml after 
3-5 weeks and then declined slowly. Even after 7 
months, mice had -300 ng/ml in their sera. It should 
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Anti-human kappa Anti-human lgG3 Standard 




FIG. 2. Immunoblot of serum mAb produced by muscle cells. Protein C- 
Sepharose beads were Incubated with a pool of sera from CB-1 7 mice of Fig. 
1 D and bound IgC was eluted in SDS sample buffer. The samples were divided 
in two and one sample was reduced with 2-mercaptoethanol (ME) before 
electrophoresis. The gel was blotted onto a nitrocellulose filter that was 
probed with mAbs against human lgG3 and Ck in a chemiluminescence assay. 

be noted that in this experiment, we detected plasmid- 
encoded mAbs by their ability to bind recombinant 
mouse IgD a in an ELISA; thus, only mAbs with correct 
specificity were detected. This experiment indicated that 
a reduction of xenogeneic parts greatly prolonged the 
presence of mAbs in serum and that the mouse IgG2b a 
allotype and human Ck are not very immunogenic in 
C.B-17 (IgH b ) mice. 

We next examined the persistence of a fully mouse 
mAb by injection of two plasmids that together encode 
an allotype-matched mouse IgG2b\l mAb with speci- 



ficity for NIP (Table 1). Injected and electroporated 
BALB/c mice had significant amounts of anti-NIP mAb 
in their sera measured by their ability to bind NIP-BSA 
in an ELISA, with maximal amounts of 60-100 ng/ml 
being detected between 2 and 5 weeks (Fig. 4B). In a 
second experiment (Fig. 4B, inset) slightly higher serum 
concentrations (175 ng/ml) were obtained, and we 
detected as much as 100 ng/ml even as late as 30 
weeks after DNA injection. Electroporation was required 
for detection of mAb in serum (Fig. 4B). Injection of 10 
and 100 \ig plasmid gave similar results but 10 \ig 
resulted in more variability in responses among mice 
(Fig. 4B). 

Serum Anti-NIP mAb Produced by Muscle Exerts a 
Biological Effector Function, Complement Activation 
When antibodies are aggregated on an antigenic surface, 
complement activation requires the presence of a disul- 
fide bond between heavy chains and the presence of 
carbohydrates and paired CH2 domains. We therefore 
tested if the Fc region of IgG2b anti-NIP mAb produced 
by muscle was intact as measured by its ability to induce 
complement activation. We purified IgG from sera on 
protein A-Sepharose and added them to NIP-sensitized, 
51 Cr-labeled sheep red blood cells in the presence of 
complement. IgG from mice injected with plasmids and 
electroporated induced complement-mediated lysis of 
the NIP target, while IgG from normal mice did not 
(Fig. 5A). Moreover, anti-NIP IgG2b in the serum IgG 
fraction was at least as potent as the corresponding mAb 
purified from supernatant of transfected cells (Fig. 5B). As 
negative control, an IgGl anti-NIP mAb, which cannot 
activate complement [21], induced no lysis. 

Anti-IgD Monoclonal Antibodies Produced by Muscle 
Induce a Dramatic Reduction in the Fraction of 
IgD-Positive B Cells in Blood and Spleen 
We next tested whether the antibody produced could 
modulate the expression of its target in vivo. We injected 
BALB/c mice with plasmid DNA encoding mouse anti- 
IgD or anti-NIP, followed by electroporation. Fourteen 
days after the treatment, we stained blood leukocytes 
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FIG. 3. Induction of mouse antibodies against 
xenogeneic parts of chimeric mAb encoded by 
injected plasmid DNA. Day 28 sera from the experi- 
ments of Figs. 1 C and 1 D were analyzed for mouse 
IgGl (black bars) and lgG2a (gray bars) antibodies 
against human lgG3 in a sandwich ELISA. (A) and (B) 
correspond to experiments of Fig. 1C, while (C) 
corresponds to Fig. ID. Results are presented as 
antibody endpoint titer and error bars represent 
standard errors of mean. 
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FIG. 4. Sustained production of near fully or fully mouse mAb. (A) Separate H- 
and L-chain gene plasmids that together encode an anti-lgD a mAb that is fully 
mouse lgC2b except for human Ck (Table 1) were co-injected in equal 
amounts into each quadriceps of BALB/c or CB-17 mice (total 100 ng 
plasmid/mouse), followed (+EP) or not followed (-EP) by electroporation. 
Serum levels of lgC2b with lgD a specificity are shown. (B) Separate H- and L- 
chain gene plasmids that together encode a fully mouse lgG2b\1 anti-NIP 
mAb were co-injected im into BALB/c mice (1 00 u,g or 1 0 jig plasmid/mouse), 
followed (+EP) or not followed (-EP) by electroporation. Serum levels of 
mouse lgC2b with NIP specificity are shown. This experiment was repeated 
using a total of 50 ng DNA of each plasmid and anti-NIP levels in serum were 
followed for 7 months (inset). Each group consisted of three to seven mice and 
the bars represent the standard errors of mean. 



and splenocytes for B, T, and monocyte/macrophage cell 
markers and analyzed them by flow cytometry. Fig. 6A 
shows TCRp chain vs IgD dot plots of blood lympho- 
cytes from mice that had received either anti-NIP or 
anti-IgD plasmids. As can be seen, anti-IgD plasmids 
induced a drastic reduction of IgD + B cells, while the 
frequency of T cells was unchanged. The finding was 
statistically confirmed in a larger series of mice, and we 
saw similar effects in the spleen, in terms of both 
frequency of cells and absolute cell number (Fig. 6B 



and data not shown). When we treated mice of a 
congenic mouse strain not carrying IgD a (C.B-17) in 
the same way, no reduction in IgD + cells was observed, 
demonstrating the allotype specificity in the reduction 
of IgD + B cells (data not shown). In other experiments, 
we tested the frequency of IgD + cells in blood on days 7, 
14, 21, and 42 after treatment, and at all time points 
there was a significant reduction, indicating a long- 
lasting effect (results not shown). It should be noted 
that the anti-IgD mAb used in the present study does 
not seem to deplete B cells, as the numbers of cells 
labeled with the B cell marker B220 (CD45R) were 
unaffected (Fig. 6B). Moreover, an excess of anti-IgD a 
mAb (Ig (5a) 7.2) corresponding to the DNA-encoded 
mAb (Table 1) blocked the binding of FITC-anti-IgD 
to B cells during the staining procedure (results not 
shown). Thus, the effect of the treatment is most likely 
due to blocking or down regulation of IgD on B cells 
after binding of the mAb to its target in vivo. 

Mouse mAb Anti-NIP Is Expressed and Secreted by 
Sheep Muscle 

For any human clinical application, it is crucial to dem- 
onstrate that DNA injection and electroporation induce 
serum mAb expression in larger animals. We injected 
sheep weighing 15-17 kg (8-10 weeks of age) intramus- 
cularly with 100 \ig DNA encoding mouse IgG2b anti-NIP 
followed by electroporation. Note that due to the larger 
size of sheep, the equipment used for electroporation was 
different from that used in the mouse (see Materials and 
Methods). The results in Fig. 7A show that six of seven 
sheep had significant levels of mouse mAb with NIP 
specificity in serum. Maximal amounts were observed 
1-2 weeks after the procedure; however, the levels of 
mAbs peaked at different time points in different ani- 
mals. The abrupt decline in serum levels of mAb by day 
28 is most likely explained by antibody responses 
mounted against the foreign mouse IgG2b protein (Fig. 
7B). We saw the antibody responses first on day 28 and 
they had vanished by day 70. The induction of anti-NIP 
mouse IgG2b, followed by anti-mouse IgG antibodies, 
was specific because sheep injected with DNA encoding 
secreted human alkaline phosphatase (SEAP) followed by 
electroporation showed no such effects (Figs. 7A and 7B). 
Interestingly, the single sheep that failed to produce anti- 
NIP mAb (Fig. 7A) had high titers of sheep anti-mouse 
IgG Ab (not shown), indicating that although not detect- 
able in serum, the mouse mAb was produced in sufficient 
amounts to induce an immune response. 

Discussion 

We show that injection of Ig genes as naked plasmid DNA 
into mouse skeletal muscle, combined with electropora- 
tion of the injection site, yields correctly assembled 
serum mAb with intact specificity and biological effector 
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FIG. 5. Recombinant mAbs from plasmid- 
injected and electroporated mice induce 
complement activation. Sera from normal 
mice and mice treated with DNA encoding 
mouse lgG2 anti-NIP and electroporation 
(DNA+EP) were separately pooled, and IgG 
was purified on protein A-Sepharose and 
tested for its ability to lyse N IP-sensitized 
51 Cr-labeled SRBC in the presence of 
human complement. (A) Ability of IgG of 
injected/electroporated mice to induce 
complement-mediated lysis of NIP targets 
compared to IgG from normal mice. (B) 
Anti-NIP lgG2b mAb in serum IgG fraction 
of DNA+EP mice was compared to anti-NIP 
lgG2b purified from supernatant of trans- 
fected cells in their ability to activate 
complement. Purified IgGI anti-NIP, which 
cannot activate complement, was used as a 
negative control. The results are presented 
as the mean % cytotoxic indices of three 
independent experiments and the bars 
represent standard errors of mean. 



function. The electroporation applied as low-voltage, 
high-frequency electrical pulses above the injection site 
greatly enhanced serum antibody levels. The persistence 
of mAb in serum for several months is most likely 
explained by Ig gene expression in nondividing muscle 
cells, which is consistent with previous findings that the 
vast majority of transfected cells in striated musculature 
are muscle cells [18,19]. 



Injection of H- and L- chain genes joined on the same 
plasmid, as well as injection of separate plasmids for the 
two genes, resulted in assembled (H+L) 2 molecules, in 
comparable efficiencies. Thus, in multinucleated striated 
muscle cells, as in mononucleated transfected cells, poly- 
peptides encoded by independent plasmids most likely 
pair in the endoplasmic reticulum and form disulfide 
bonds prior to secretion. Importantly, the V regions of 
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FIG. 6. Treatment of BALB/c mice with anti-lgD 
plasmids and electroporation reduces the frequency of 
lgD + B cells in blood and spleen. H and L plasmids that 
together encode a mouse lgG2b anti-lgD" or anti-NIP 
mAb were injected into muscles of BALB/c mice (40 ng/ 
mouse), followed by electroporation. Fourteen days 
later, blood and spleen cells were stained for IgD, B220/ 
CD45R, TCRp chain, and CD1 1 b. (A) IgD vs TCRp chain 
dot plot of blood samples from BALB/c mice receiving 
either anti-NIP or anti-lgD plasmids. (B) Percentages of 
TCR + , lgD + , and B220 + cells among gated CD1 lb- 
lymphocytes in blood and spleen 14 days after injection 
of anti-NIP or anti-lgD plasmids into BALB/c mice (n = 
9). Error bars represent the standard errors of the mean; 
a statistically significant result ( P< 0.05) is indicated by 
an asterisk. 
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FIG. 7. Sheep muscle produces mouse anti- 
NIP mAb. Sheep (15-17 kg, n = 7) were 
injected at day 0 with an equal mixture of 
pLNOH272bV H NlP and M plasmids (100 ng 
DNA) and electroporated at the site of 
injection ("anti-NIP IgG + EP"). As a control, 
sheep (n = 7) received DNA encoding 
human alkaline phosphatase followed by 
electroporation ("SEAP + EP"). (A) For sheep 
treated with anti-NIP IgG + EP, concentra- 
tions of mouse anti-NIP mAb in serum at the 
indicated time points are shown for each 
individual as well as on average. For sheep 
treated with SEAP + EP, only the average is 
given. (B) Sheep anti-mouse lgG2b antibody 
titers are shown for the indicated time 
points. The bars represent standard errors 
of mean. 



Anti-NIP IgG + EP: 
—♦—Average 

-*- Individual sheep 

SEAP + EP: 
-•-Average 




10 20 
Time (days) 




Anti-NIP IgG + EP: 
-•-day 14 

-O- day 28 
— day 42 
— o- day 70 
SEAP + EP: 
-•-day 28 



100 1000 10000 100000 

sheep anti-mouse lgG2b titre 



the mAbs were correctly folded because in all instances 
they had the expected specificity for NIP, IgD a , or I-E d . 
Also the Fc regions seemed to have a functional glycosyl- 
ation pattern since the muscle-produced mAbs had the 
ability to activate complement. 

Electroporation-mediated DNA vaccination has previ- 
ously been used to elicit immune responses against for- 
eign proteins and is an attractive strategy for active 
vaccination [22,23]. Consistent with these previous 
results, we found that if the plasmid-encoded mAb had 
a xenogeneic constant heavy chain, antixenogeneic Abs 
were readily induced in both mice and sheep; as a conse- 
quence, the mAb persisted in serum for only a few weeks. 
By contrast, a fully mouse mAb was expressed in serum at 
high levels for as long as 7 months. Small amounts of 
antigenic material, such as the variable regions of a 
different mouse strain, the mouse IgG2b a allotype, or 
the human Ck, were apparently accepted without serious- 
ly compromising long-term serum mAb expression. Since 
H- and L-chain genes encoding a fully sheep mAb are not 
available, we were unable to test longevity of muscle- 
produced mAb in this animal. 

It has previously been shown that inclusion of xeno- 
geneic Ig constant regions [24] or tetanus toxoid frag- 
ment C [25] induces so-called anti-idiotypic (Id) 
antibodies that bind to the V regions of muscle-produced 
mAb. For the purpose of therapeutic mAb expression, 
which is the focus of the present work, induction of anti- 
Id Ab is unwanted since such Ab would block antigen 
binding sites on muscle-produced Ig and reduce its 
serum levels. Moreover, immune complexes of anti-Id 
and muscle-produced mAb could induce pathology and 
disease. It is therefore encouraging that expression of 
fully mouse Ig genes in the absence of foreign sequences 
led to persistent high serum levels of NIP-specific mouse 
IgG2b and that no anti-Id antibodies were detected 
(results not shown). Therefore, for clinical purposes, fully 
human genes should probably be used; such genes could 
be obtained from human single-chain F v and Fab frag- 



ment phage display libraries or from mice engineered to 
express only human Ig genes. 

In the mouse, levels of serum IgG2b mouse mAbs in the 
50-800 ng/ml range were stably present in serum for more 
than 7 months. Because mouse IgG2b has a half-life of 4-6 
days, this finding indicates that transfected muscle cells 
continue to secrete Ig molecules for long periods of time 
after a single injection of DNA. It is promising that muscle 
was able to produce sufficient anti-IgD mAbs to block or 
down regulate IgD on B cells for at least 6 weeks. It should 
be possible to increase the level of mAb further by increas- 
ing the numbers of muscle sites injected and by generating 
vectors optimized for expression of Ig in muscle. 

Passive antibody therapy of humans is a rapidly 
expanding field. Importantly, we could scale up the 
method to sheep that weighed about 25% of adult 
humans. Serum levels of 30-50 ng/ml were obtained, 
which amount to about 0.2 mg mAb present in a sheep 
at any time point. This level of mAb was reached with 
only 100 ^g DNA and using a mouse construct that led to 
immune reactions and supposedly lower levels of mAb 
than could be obtained using genes encoding a fully sheep 
mAb. Taking these considerations into account, it might 
well be that DNA injection and electroporation of 
humans could induce serum concentrations that could 
substitute for injection of protein mAb in treatment of 
diseases like B lymphomas (anti-CD20 mAb [3]), breast 
cancer (anti-Her 2 mAb [26]), and rheumatoid arthritis 
(anti-TNFa mAb [5]). However, an application to humans 
might necessitate the use of inducible promoters so that 
expression can be turned off when the mAb is no longer 
needed. 

Plasmid DNA injection and in vivo electroporation are 
simple, are cheap, carry minimal risk of inadvertent in- 
fection, and appear to be nontoxic. No detrimental effects 
have yet been observed in larger animals, like goat and 
cattle that have undergone this procedure under local 
anesthesia [27] and sheep that were not anesthetized 
(present study). Scaling up from mice to human should 
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therefore be feasible. If so, sustained expression of muscle- 
produced mAb might become a substitute for repetitive 
injections of protein mAb and could be of value in 
antibody-based treatment of chronic illnesses like cancer 
and autoimmune diseases. 

Aside from mAb therapy, DNA injection and electro- 
poration of mouse muscle could be a valuable method for 
rapid testing of new Ig constructs and their efficacies in 
vivo. Moreover, the method might be used for production 
of Ig fragments like single-chain Fv, which for certain 
therapeutic purposes could represent an advantage com- 
pared to complete Ig molecules. 

Materials and Methods 

Animals and Electroporation of Muscle 

Mice. Five- to ten-week-old BALB/c, C57B1/6 (B&K Universal AB, Sweden), 
B10.D2, BALB.B (Harlan, England), and C.B-17 (M&B, Denmark) mice 
were used. The mice were anesthetized by intraperitoneal injection with 9 
lig pentobarbital/mouse and the legs were shaved. Conductive gel was 
applied at the skin and 10-50 ng vector DNA, diluted in 50 u,l 0.9% NaCl, 
was injected into each of the quadriceps muscles. Immediately following 
injection, electroporation was performed using a caliper electrode as 
previously described [23]. 

Sheep. Seven outbred sheep weighing 15-17 kg were injected intramus- 
cularly with vector DNA in the gluteus muscle and electroporated using 
an invasive two-needle electrode (Inovio AS, Oslo, Norway) with a 
distance between the needles of 8 mm. Six pulses of 20 ms length with 
an amplitude of 250 mA and about 50 V/cm were applied at the site of 
DNA injection (100 fig of each plasmid/100 u.1 0.9% NaCl). The electrical 
field was generated by a pulse generator constructed for the purpose 
(Inovio AS). 

Plasmids 

The plasmids employed are based on two expression vectors constructed 
for easy exchange of the variable and constant parts of Ig H-chain genes 
(pLNOH2) and Ig L-chain genes (pLNOk) [28J. Plasmids and the recom- 
binant mAb they encode are described in Table 1. V regions were derived 
from mouse B cell hybridomas, while constant parts were either of mouse 
(C72b, C\) or human {Cy3, Ck) origin (Table 1). The pLNOH272bV H T 
vector was constructed by replacing the human -y3 constant region gene 
of pLNOH273V H T with mouse 72b [29,30] (unpublished). Separate plas- 
mids for H-chain and L-chain genes were used except for the I-E d 
specificity, for which a single combi vector encoding both H- and L-chain 
genes [31] was used in some experiments. Ig genes were under the control 
of a CMV promoter. The plasmids were purified according to the proce- 
dure of the Concert High Purity Plasmid Maxiprep System (Life Technol- 
ogies, UK). 

EL1SA 

Levels of mAb in serum were determined by ELISA. Wells were coated 
with a capture protein after which diluted sera were added. Biotinylated 
detection antibodies, streptavidin- alkaline phosphatase (Amersham 
Pharmacia Biotech UK Lt., UK), and />ara-nitrophenyl phosphate substrate 
(Sigma, St. Louis, MO, USA) were added sequentially. The following 
sandwich ELISAs were used: For measurement of chimeric human IgG3 
anti-I-E d and anti-lgD, anti-human lgG3 (1-9763, Sigma) was used as coat 
antibody and biotinylated anti-human IgG3 (B-3523, Sigma) was used as 
detection antibody. For measurement of mouse IgG2b anti-NIP (4-hy- 
droxy-3-iodo-5-nitrophenylacetic acid), NIP 2 . 6 BSA (i.e., 2.6 NIP molecules 
per BSA molecule) was used as a coat antigen and biotinylated anti-mouse 
IgG2b (Pharmingen, BD Biosciences) was used as detection antibody. For 
measurement of mouse IgG2b anti-lgD, an lgD coat was obtained by first 
coating the wells with NIP 2 6 BSA followed by mouse lgD anti-NIP. Bio- 



tinylated anti-mouse IgG2b (Pharmingen) was used as detection anti- 
body. Standard curves were constructed with anti-NIP [29] or anti-lgD 
mAbs (affinity purified from cell transfectants) or with anti-human IgG3 
(Sigma). For determination of mouse anti-human JgG3 titer, human IgG3 
(Sigma) was used as coat and biotinylated anti-mouse IgGl or anti-mouse 
IgG2a (both Pharmingen) were used as detection antibodies. For deter- 
mination of sheep anti-mouse IgG2b titer, mouse IgG2b (affinity purified 
from cell transfectants) was used as coat and biotinylated rabbit anti- 
sheep lgG was used as detection antibody. 

Gel Electrophoresis and Blotting 

Serum from mice that had been injected with DNA plasmids and electro- 
porated were incubated with protein G-Sepharose beads (Sigma). The 
bound antibodies were eluted in SDS sample buffer. The eluted samples 
were divided in two and in one sample 2-mercaptoethanol was added to 
reduce disulfide bonds between the H and the L chains. After SDS -PAGE 
(10%) and transfer to nitrocellulose filters, the blots were incubated with 
either biotinylated anti-human lgG3 (B-3523, Sigma) or biotinylated anti- 
human k (B-1393, Sigma). The results were visualized by chemilumines- 
cence assay (ECL, Amersham Pharmacia Biotech). 

Complement-Mediated Cell Lysis (CML) 

The CML assay was performed as described [32]. Briefly, 51 Cr-labeled 
sheep red blood cells (SRBC) were incubated with NIP-conjugated rabbit 
anti-SRBC Fab' fragments and washed. For 1 x 10 8 SRBC a total of 400 ng 
NIP-Fab was used with an average of 15 hapten molecules per Fab 
(NIPi 5 Fab). Serial dilutions of IgG purified from mouse serum on protein 
A-Sepharose by standard procedures (Amersham Bioscience) were then 
added to NIP-sensitized 51 Cr SRBC. Human serum was used as a source of 
complement. As negative control, mouse IgGl anti-NIP was used (clone 
N1-G9, kindly provided by M. Neuberger [21]). IgG2b anti-NIP from cell 
transfectants was used as a positive control. The cytotoxic index (CI) was 
calculated according to the formula %CI = [(cpm test - cpm spontane- 
ous)/(cpm max - cpm spontaneous)] x 100. 

Flow Cytometry 

Blood from the tail vein was collected in heparinized tubes. Single-cell 
spleen suspensions were made by squeezing spleens through a stainless 
steel grid. Red blood cells were lysed with lysis buffer (0.75% (w/v) 
NH4CI, pH 7.2). Fc receptors were blocked by incubation with 30% 
heat-inactivated normal rat serum and 100 ng/ml 2.4G2 (monoclonal 
antibody anti-Fc7 II/I1I receptor, ATCC) for 15 min on ice prior to 
staining with fluorochrome-labeled mAbs (diluted in PBS with 0.5% 
BSA) for 15 min on ice. Fluorochrome-labeled mAbs were FITC-11- 
26c.2a (anti-lgD), PerCP-RA3-6B2 (anti-B220/CD45R), APC-M1/70 (anti- 
CDllb) (PharMingen, USA); and PE-H57-597 (anti-TCRp chain) (South- 
ern Biotech, Birmingham, AL, USA). Quadruple-stained cells were 
analyzed by a FACSCalibur and Cellquest software (Becton Dickinson). 
Cells within a typical forward/side scatter lymphocyte gate were selected 
for further analysis and the percentage of cells positive for the different 
markers was calculated. 

Acknowledgments 

The excellent technical assistance of Kirsten Grundt, Wide Omholt, Randi H. 
Sandin, and Birgit Wanvik is gratefully acknowledged. Sigbjom Moen, Agnes 
Klouman, and Omer Adem Edris are greatly acknowledged for their help with the 
sheep experiments. A.C. is a fellow of the Norwegian Cancer Society. B.B. is 
supported by grants from The Research Council of Norway, The Norwegian 
Cancer Society, and the Multiple Myeloma Research Foundation. 

RECEIVED FOR PUBLICATION NOVEMBER 24, 2003; ACCEPTED DECEMBER 
16, 2003. 

References 

1. Donnelly, J. J., Ulmer, J. B., Shiver, |. W., and Liu, M. A. (1997). DNA vaccines. Annu. 
Rev. Immunol. 15: 617-648. 



MOLECULAR THERAPY Vol. 9, No. 3, March 2004 
Copyright B The American Society of Gene Therapy 



335 



Article 



doi:1 0.1 01 6/|.ymthe.2003.1 2.007 



2. Rizzuto, G., et al. (1999). Efficient and regulated erythropoietin production by 
naked DNA injection and muscle electroporation. Proc. Natl. Acad. Sci. USA 96: 
6417-6422. 

3. Colombat, P., et at. (2001). Rituximab (anti-CD20 monoclonal antibody) as single first- 
line therapy for patients with follicular lymphoma with a low tumor burden: clinical and 
molecular evaluation. Blood 97: 1 01 - 106. 

4. Baselga, J., et al. (1996). Phase II study of weekly intravenous recombinant humanized 
anti-Pi 85HER2 monoclonal antibody in patients with HER2/Neu-overexpressing meta- 
static breast cancer. /. Clin. Oncol. 14: 737-744. 

5. Maini, R., et al. (1 999). Infliximab (chimeric anti-tumour necrosis factor alpha mono- 
clonal antibody) versus placebo in rheumatoid arthritis patients receiving concomi- 
tant methotrexate: a randomised Phase III trial. ATTRACT Study Group. Lancet 354: 
1932-1939. 

6. Cosimi, A. B., et al. (1981). Use of monoclonal antibodies to T-cell subsets for immu- 
nologic monitoring and treatment in recipients of renal allografts. N. Engl. \. Med. 305: 
308-314. 

7. Groothuis, J. R., et al. (1993). Prophylactic administration of respiratory syncytial virus 
immune globulin to high-risk infants and young children. The Respiratory Syncytial 
Virus Immune Globulin Study Group. N. Engl. J. Med. 329: 1524-1530. 

8. Raju, T. S., Briggs, J. B., Borge, S. M., and Jones, A. J. (2000), Species-specific variation 
in glycosylation of IgG: evidence for the species-specific sialylation and branch -specific 
galactosylation and importance for engineering recombinant glycoprotein therapeu- 
tics. Clycobiology 10: 477-486. 

9. Noel, D., et al. (1 997). In vitro and in vivo secretion of cloned antibodies by genetically 
modified myogenic cells. Hum. Cene Ther. 8: 1219-1229. 

10. Noel, D., Pelegrin, M., Brockly, F., Lund, A. H., and Piechaczyk, M. (2000). Sustained 
systemic delivery of monoclonal antibodies by genetically modified skin fibroblasts. /. 
Invest. Dermatol. 115: 740-745. 

11. Noel, D., Dazard, j. E., Pelegrin, M., Jacquet, C., and Piechaczyk, M. (2002). Skin as a 
potential organ for ectopic monoclonal antibody production. /. Invest. Dermatol. 118: 
288-294. 

12. Lewis, A. D., Chen, R., Montefiori, D. C, Johnson, P. R., and Clark, K. R. (2002). 
Generation of neutralizing activity against human immunodeficiency virus type 1 in 
serum by antibody gene transfer. /. Virol. 76: 8769-8775. 

13. Noel, D., Pelegrin, M., Kramer, S., lacquet, C, Skander, N., and Piechaczyk, M. (2002). 
High in vivo production of a model monoclonal antibody on adenoviral gene transfer. 
Hum. Cene Ther. 13: 1483-1493. 

14. Cichon, G., et al. (2001). Complement activation by recombinant adenoviruses. Cene 
Ther. 8: 1794-1800. 

15. Cheung, A. K., Hoggan, M. D., Hauswirth, W. W., and Berns, K. I. (1980). Integration of 
the adeno-associated virus genome into cellular DNA in latently infected human Detroit 
6 cells. /. Virol. 33: 739-748. 

16. Ferber, D. (2001). Gene therapy. Safer and virus-free? 5c/ence294: 1638-1642. 

17. Marshall, E. (2002). Gene therapy. What to do when clear success comes with an 
unclear risk? Science 298: 510-511. 



18. Aihara, H., and Miyazaki, J. (1998). Gene transfer into muscle by electroporation in 
vivo. Nat. Biotechnol. 16: 867-870. 

19. Mir, L. M., et al. (1999). High -efficiency gene transfer into skeletal muscle mediated by 
electric pulses. Proc. Natl. Acad. Sci. USA 96: 4262-4267. 

20. Mathiesen, I. (1999). Electro perm eabilization of skeletal muscle enhances gene transfer 
in vivo. Cene Ther. 6: 508-514. 

21. Neuberger, M. S., and Rajewsky, K. (1981). Activation of mouse complement by mono- 
clonal mouse antibodies. Eur. }. Immunol. 11: 1012-1016. 

22. Widera, G., et al. (2000). Increased DNA vaccine delivery and immunogenicity by 
electroporation in vivo. /. Immunol. 164: 4635-4640. 

23. Tollefsen, S., et al. (2002). Improved cellular and humoral immune responses against 
Mycobacterium tuberculosis antigens after intramuscular DNA immunisation com- 
bined with muscle electroporation. Vaccine 20: 3370-3378. 

24. Syrengelas, A. D., Chen, T. T., and Levy, R. (1996). DNA immunization induces pro- 
tective immunity against B-cell lymphoma. Nat. Med. 2: 1038-1041. 

25. King, C. A., et al. (1 998). DNA vaccines with single-chain Fv fused to fragment C of 
tetanus toxin induce protective immunity against lymphoma and myeloma. Nat. Med. 
4:1281-1286. 

26. Leonard, D. S., Hill, A. D., Kelly, L, Dijkstra, B., McDermott, E., and O'Higgins, N. J. 
(2002). Anti-human epidermal growth factor receptor 2 monoclonal antibody therapy 
for breast cancer. Br. J. Surg. 89: 262-271 . 

27. Tollefsen, S., et al. (2003). DNA injection in combination with electroporation: a novel 
method for vaccination of farmed ruminants. Scand. /. Immunol. 57: 229-238. 

28. Norderhaug, L, Olafsen, T., Michaelsen, T. E., and Sandlie, I. (1997). Versatile vectors 
for transient and stable expression of recombinant antibody molecules in mammalian 
cells. /. Immunol. Methods 204: 77-87. 

29. Eidem, J. K., et al. (2000). Recombinant antibodies as carrier proteins for sub-unit 
vaccines: influence of mode of fusion on protein production and T-cell activation. /. 
Immunol. Methods 245: 119-131. 

30. Lunde, E., Munthe, L. A., Vabo, A., Sandlie, I., and Bogen, B. (1999). Antibodies en- 
gineered with IgD specificity efficiently deliver integrated T-cell epitopes for antigen 
presentation by B cells. Nat. Biotechnol. 17: 670-675. 

31. Lunde, E., Western, K. H., Rasmussen, I. B., Sandlie, I., and Bogen, B. (2002). Efficient 
delivery of T cell epitopes to APC by use of MHC Class ((-specific Troybodies. /. Immunol. 
168: 2154-2162. 

32. Michaelsen, T. E., Aase, A., Westby, C, and Sandlie, I. (1990). Enhancement of comple- 
ment activation and cytolysis of human lgG3 by deletion of hinge exons. Scand. }. 
Immunol. 32: 517-528. 

33. Ozato, K., Mayer, N., and Sachs, D. H. (1980). Hybridoma cell lines secreting mono- 
clonal antibodies to mouse H-2 and la antigens. /. Immunol. 124: 533-540. 

34. Oi, V. T., and Herzenberg, L. A. (1979). Localization of murine lg-1 b and Ig-la (IgG 2a) 
allotypic determinants detected with monoclonal antibodies. Mol. Immunol. 16: 
1005-1017. 

35. Neuberger, M. S. (1983). Expression and regulation of immunoglobulin heavy chain 
gene transfected into lymphoid cells. EMBO /. 2: 1373-1378. 



MOLECULAR THERAPY Vol. 9, No. 3, March 2004 
Copyright B The American Society of Gene Therapy 



